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A moving cast shadow of the object aﬀects the perception of the objects trajectory in adults [Kersten, D., Mamassian, P., &
Knill, D. C. (1997). Moving cast shadow induce apparent motion in depth. Perception, 26, 171–192]. In the present study, we inves-
tigated by using a habituation–dishabituation procedure whether infants at 4- to 7-months old discriminate the motion trajectory of
a ball from the moving shadow it casts. In Experiment 1, 4- to 5-month-old and 6- to 7-month-old were tested for ability to discrim-
inate between a ‘‘depth’’ display containing a ball and a cast shadow with a diagonal trajectory and an ‘‘up’’ display containing a
ball with a diagonal trajectory and a cast shadow with a horizontal trajectory. Six- and 7-month-old, but not 4- and 5-month-old,
infants looked signiﬁcantly longer at the ‘‘up’’ display than at the ‘‘depth’’ display. In Experiment 2, we tested whether 4- to 5-
month-old and 6- to 7-month-old infants would perceive ‘‘up’’ motion as categorically diﬀerent from ‘‘depth’’ depending on the
objects 3-D trajectory. We used displays containing a ball and a cast shadow with the same trajectories as those in Experiment
1 except that the cast shadows appeared above the ball. These displays did not produce 3-D impressions in adults. Neither age group
of infants exhibited signiﬁcant diﬀerences between ‘‘up’’ and ‘‘depth’’ displays. When the results from the two experiments are con-
sidered, 6- and 7-month-old infants discriminated the motion trajectory of the ball from the moving cast shadows. This developmen-
tal emergence of depth perception from a moving cast shadow at 6 months of age is consistent with that of other pictorial depth
cues.
 2005 Elsevier Ltd. All rights reserved.
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A cast shadow is one of pictorial depth cues that pro-
vide three-dimensional information even in two-dimen-
sional pictures and photographs. A cast shadow occurs
when one surface occludes another surface from the0042-6989/$ - see front matter  2005 Elsevier Ltd. All rights reserved.
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E-mail address: imura@pri.kyoto-u.ac.jp (T. Imura).light source. The shape of a cast shadow can be used
for identiﬁcation of an object shape (Berbaum, Bever,
& Chung, 1984; Mamassian, Knill, & Kersten, 1998;
Norman, Dawson, & Raines, 2000; but see Erens,
Kappers, & Koenderink, 1993). Spatial relationships be-
tween cast shadows and casting objects provide eﬀective
information about spatial arrangements of objects
(Yonas, Goldsmith, & Hallstrom, 1978). Although the
importance of cast shadows as a shape cue has been
appreciated in previous studies, there have been few
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shadows as a depth cue (Mamassian et al., 1998). Yonas
et al. (1978), for example, showed that static cast shad-
ow cues aﬀected the judgment of objects shapes and
spatial arrangements by 3-year-old children. However,
little is known about the mechanism of processing shad-
ow information in adults, or the developmental emer-
gence of depth perception from a cast shadow.
Kersten, Mamassian, and Knill (1997) provided a
new line of research on the perception of cast shadows.
They revealed that motion of the cast shadow improves
perception of the spatial layout by adults. They created
the animations called ‘‘ball-in-a-box’’ consisting of a
ball and a cast shadow moving in a room with walls
and a ﬂoor, and demonstrated that cast shadow motion
could cause a strong impression of the object moving in
depth. Kersten et al. (1997) found that manipulation of
a cast shadow motion produced a signiﬁcant change in
the impressions of the three-dimensional motion of the
object. For adults, a cast shadow moving diagonally in
a motion to that of a ball produces the impression that
the ball is receding in depth, whereas a horizontal trajec-
tory of a cast shadow produces the impression of a ball
ﬂoating above the ﬂoor.
Motion information is important for the develop-
ment of depth perception in early infancy. For example,
sensitivity to kinetic depth cues such as expansion mo-
tion (Nanez, 1988; Nanez & Yonas, 1994) and motion
parallax (von Hofsten, Kellman, & Putaansuu, 1992)
proceeds earlier than that of pictorial depth cues (e.g.,
Yonas et al., 1978); and binocular depth cue (e.g.,
Bradick & Atkinson, 1983; Held, Birch, & Gwiazda,
1980). In addition, motion information facilitates per-
ception of object unity from occlusion for young infants
(Eizeman & Bertenthal, 1998; Johnson & Aslin, 1995,
1998; Kellman, Gleitman, & Spelke, 1987; Kellman &
Spelke, 1983). As inferred from the ﬁndings in these
studies, it is highly possible that motion information
from cast shadows promotes depth perception of objects
in infants. There are, however, no previous studies
about moving cast shadows as depth cues for infants.
In the present studies, we examined whether infants
aged 4–7 months perceive the three-dimensional trajec-Habituation Test: “up” e
Fig. 1. An example of habituation and test stimulus used in Experiment 1. T
arrow illustrates that of cast shadow.tory of objects from moving cast shadows, using ‘‘ball-
in-a-box’’ animations. Previous studies have reported
that the sensitivity to other static pictorial depth cues
develops between 5 and 7 months of age (e.g., Granrud,
Yonas, & Opland, 1985; Yonas, Pettersen, & Granrud,
1982, 1985, 1986). On the basis of these studies, we
hypothesized that the ability of depth perception from
moving cast shadows might emerge during the ﬁrst 6
months of life.2. Experiment 1
Experiment 1 investigated whether infants could dis-
criminate the motion trajectories of the ball from the
motion of cast shadows, using ‘‘ball-in-a-box’’ anima-
tions. We prepared two kinds of events: one was per-
ceived by adults as moving in ‘‘depth’’ and the other
as ﬂowing ‘‘up’’ (see Fig. 1). They were produced by
manipulating only the motion trajectories of a cast shad-
ow. We habituated the infants to the ‘‘depth’’ event and
then tested them with the ‘‘up’’ event. If infants, like
adults, perceived the habituation event as motion in
depth then they were expected to exhibit a signiﬁcant
novelty response to the ‘‘up’’ event.
2.1. Methods
2.1.1. Participants
The sample for this experiment consisted of a total of
24 infants. Twelve 4- and 5-month-old (mean
age = 135.9 days; SD = 14.3 days) and twelve 6- and
7-month-old (mean age = 197.9 days; SD = 18.9 days)
participated in this study. An additional 21 infants were
tested, but did not contribute usable data because of
fussiness (5) and failure of habituation (16). Subjects
were recruited by newspaper ads. All subjects in these
experiments were full-term at birth and healthy at the
time of testing.
2.1.2. Apparatus and stimuli
Infants sat on the parents lap, located 40 cm from a
21-inch CRT monitor (TOTOKU, Calix CDT2141A),vent Test: “depth” event
he arrow illustrates the motion trajectory of the ball, and the dashed
Fig. 2. The mean duration of looking in the test trials in Experiment 1.
Error bars indicate SEM across infants.
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placed on the bottom of the monitor. At the beginning
of a trial, a cartoon was presented at the center of the
monitor with a sound to attract the subjects attention.
Fig. 1 shows examples of the stimuli used in Experi-
ment 1. They were produced with Photoshop and Mac-
romedia FlashMX, and consisted of a light blue disk
(subtending 3 · 3 of visual angle), a computer-generat-
ed cast shadow (subtending 3 · 1 of visual angle), and
background of checkerboard with linear perspective. A
ball was moved from the left bottom (or right bottom)
upward to the right (or left) diagonally on a background
(with a period of 2.4 s). We prepared two kinds of events
depending on the cast shadow motions. One was a
‘‘depth’’ event. A cast shadow moves diagonally on a
parallel with a ball. Adults perceived the ball as moving
in depth. The other was an ‘‘up’’ event. The cast shadow
trajectory is horizontal, and the ball moves diagonally.
The ball in this event was perceived by adults to appear
to ﬂoat above the ﬂoor.
2.1.3. Procedure
We used an infant-controlled habituation–dishabitua-
tion procedure to test the infants ability for discrimina-
tion. Each trial began with the presentation of a cartoon
at the center of themonitor and a sound to attract the sub-
jects attention. Once the infants looked at the cartoon,
the trial was initiated. The experimental session consisted
of four habituation trials and two test trials. The duration
of each habituation trial was controlled by the subjects
looking behavior. A trial was terminatedwhen the subject
looked away from the monitor for more than 2 s or con-
tinued to look at the monitor for up to 40 s. The duration
of each test trial was ﬁxed to 20 s.
Each infant was habituated to a ‘‘depth’’ event in
which a ball and a cast shadow were moving from the
bottom-left to the top-right. The habituation criterion
was deﬁned as a 50% decrease in looking duration in
the 4th trial versus the ﬁrst trial. After the habituation
trials, each infant was tested with two novel events. In
the ‘‘depth’’ event, a ball and a cast shadow moved from
the bottom-right to the top-left. The trajectory of the
ball and the cast shadow was completely symmetrical
to that in the habituation event. In the ‘‘up’’ event, the
ball motion was identical to that in the habituation
event, except that the cast shadow moved horizontally.
The order of conditions was counterbalanced among
participants within each age group.
2.2. Results and discussion
Looking time during four habituation trials clearly
showed decreasing trends for both age groups [4- and
5-month-old: Trial 1 = 34.58 s (SD = 8.20), Trial
2 = 24.13 s (SD = 15.60), Trial 3 = 24.88 s (SD =
13.13), Trial 4 = 11.31 s (SD = 5.45); 6- and 7-month-old: Trial 1 = 35.58 s (SD = 7.47), Trial 2 = 29.02 s
(SD = 8.68), Trial 3 = 20.95 s (SD = 11.90), and Trial
4 = 11.63 s (SD = 7.41)].
The mean looking time during the test trials is shown
in Fig. 2. As this ﬁgure illustrates, 6- to 7-month-old
looked longer during the ‘‘up’’ event than during the
‘‘depth’’ event, whereas 4- to 5-month-old looked for
approximately the same time during both events. We
conducted paired comparison t tests in each age group.
The results revealed that only the older infants exhibited
a signiﬁcant diﬀerence between ‘‘up’’ and ‘‘depth’’
events (t (11) = 2.30, p < 0.05, two-tailed).
Infants of both age groups did not show any clear
evidence for dishabituation to novel ‘‘depth’’ events in
which only the direction of motion was diﬀerent from
habituation events. Related results were also reported
by Quinn (2004) in which the 3- to 4-month-old infants
showed no signs of discrimination between two-dimen-
sional static patterns of spatial arrangement to a diago-
nal reference bar. If this ﬁnding is consistent with three-
dimensional events, infants in our experiment might not
discriminate bottom-left to top-right movement
(‘‘depth’’ event during the habituation trials) and ‘‘bot-
tom-right to top-left movement’’ (‘‘depth’’ event during
the test trials).
However, more important ﬁnding of the present
experiment is the diﬀerence in dishabituation to the nov-
el ‘‘up’’ event between age groups. Six- and 7-month-old
infants discriminated the motion trajectories of the ball
based on the moving cast shadows. In contrast, 4- and 5-
month-old did not detect any diﬀerence deﬁned by mov-
ing cast shadows in the test events. In the ‘‘depth’’ event,
the trajectory of the ball and the cast shadow were com-
pletely symmetrical to that in the habituation event. In
the ‘‘up’’ event, the ball motion was identical to that
in the habituation event, except that the cast shadow
moved horizontally. Adult subjects categorically dis-
criminate ‘‘up’’ events from ‘‘depth’’ events although
the global diﬀerence of motion in ‘‘depth’’ event was
larger than that in ‘‘up’’ events. These ﬁndings indicate
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motion from the cast shadow trajectory.
There is another possible interpretation of the present
results. The older infants might discriminate the events
based on the spatial relationship between objects. The
‘‘up’’ event contained motion in which two objects (a
ball and a shadow) approached and moved away from
each other. This approach-avoidance motion might be
attractive to infants. Experiment 2 examined this
possibility to obtain additional evidence that 6- and 7-
month-old infants can perceive an objects motion from
a moving cast shadow.3. Experiment 2
In this experiment infants were habituated to and
tested with the events in which the spatial relationship
between the ball and shadow was reversed from that
used in Experiment 1; ‘‘cast shadow above the ball.’’
For adult observers, these events did not produce
three-dimensional impressions of motions. If infants
do not perceive the habituation event as motion in
depth, then they are expected to show any novelty re-
sponse to the both event during the test.
3.1. Methods
3.1.1. Participants
The sample for this experiment consisted of a total of
24 infants. Twelve 4- and 5-month-old (mean
age = 149.0 days; SD = 12.8 days) and twelve 6- and
7-month-old (females, males; mean age = 196.7 days;
SD = 16.0 days) participated in this study. Additional
infants were tested, but did not contribute usable data
because of fussiness (9) and failure of habituation (12).
Subjects were recruited by newspaper ads. All subjects
in these experiments were full-term at birth and healthy
at the time of testing.
3.1.2. Apparatus and stimuli
The apparatus used in this experiment was identical
to that in Experiment 1. Fig. 3 shows examples of the
stimuli used in Experiment 2. The stimuli used in this Habituation Test: “no-up
Fig. 3. An example of habituation and test stimulus used in Experiment 1. T
arrow illustrates that of cast shadow.experiment were identical to those in Experiment 1 ex-
cept in terms of the cast shadow above a ball. One
was a ‘‘no-depth’’ event. The cast shadow and the ball
move diagonally. The cast shadow was above the ball.
The other was a ‘‘no-up’’ event. The cast shadow trajec-
tory was horizontal, and the ball moves diagonally. The
cast shadow and the ball move diagonally. These events
never produce depth impression for adults, because the
spatial relationship between the cast shadow and the ob-
ject is unnatural.
3.1.3. Procedure
The procedure used in this experiment was identical
to that in Experiment 1.
3.2. Results and discussion
Both age groups of infants exhibited decreased looking
during four habituation trials [4- and 5-month-old: Trial
1 = 33.35 s (SD = 8.92), Trial 2 = 25.90 s (SD = 7.87),
Trial 3 = 18.02 s (SD = 12.09), Trial 4 = 11.31 s
(SD = 10.20); 6- and 7-month-old: Trial 1 = 35.18 s
(SD = 9.08), Trial 2 = 29.99 s (SD = 7.90), Trial
3 = 23.54 s (SD = 12.40), Trial 4 = 13.31 s (SD = 9.98)].
The mean duration of looking during the test trials is
shown in Fig. 4. As this ﬁgure illustrates, no group of in-
fants showed diﬀerences between the looking times of the
‘‘no-up’’ and ‘‘no-depth’’ events. The results of paired
comparison t tests in each age group revealed that no
group of infants exhibited a signiﬁcant diﬀerence in look-
ing times between ‘‘no-up’’ and ‘‘no-depth’’ events.
These ﬁndings suggest that neither age group of in-
fants discriminated ‘‘no-up’’ events from ‘‘no-depth’’
events, although the diﬀerence between habituation
and test events was identical to that in Experiment 1 ex-
cept that cast shadows were attached above the ball.
That is, the infants did not perceive a black ellipse at-
tached above the ball to be a cast shadow. The events
used in Experiment 2 might not produce three-dimen-
sional impressions of motions for infants. Taken togeth-
er with the results of Experiment 1, these results
supported that 6- and 7-month-old infants categorically
discriminate the motion trajectory of the ball from the
moving cast shadows.” event Test: “no-depth” event
he arrow illustrates the motion trajectory of the ball, and the dashed
Fig. 4. The mean duration of looking in the test trials in Experiment 2.
Error bars indicate SEM across infants.
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Considering the ﬁndings from two experiments, per-
ception of objects trajectory motion from the motion
of cast shadows emerges around 6 month of age. The re-
sults from Experiment 1 suggest that 6- and 7-month-old
infants distinguish between ‘‘up’’ and ‘‘depth’’ events
from the cast shadow trajectory. In contrast, 4- and 5-
month-old infants showed no discriminative response
between these events. In Experiment 2, infants in neither
age group discriminated ‘‘no-up’’ events from ‘‘no-
depth’’ events when a cast shadow was attached above
a ball. This result provides additional evidence that
6- and 7-month-old infants perceived objects motion
trajectory from moving cast shadows not based on the
diﬀerence in physical motion trajectory but on the diﬀer-
ence in categorical depth impression.
Our results are consistent with those from previous
studies of static pictorial depth cues using a preferential
reaching task (e.g., Granrud et al., 1985; Yonas, Gran-
rud, Arterberry, & Hanson, 1986; Yonas, Granrud, &
Pettersen, 1985; Yonas et al., 1982). Previous studies re-
vealed that 7-month-old infants perceive the spatial rela-
tionship between objects from linear perspective,
interposition, and relative size, whereas 5-month-old
infants do not (But see Bhatt & Waters, 1998). Our re-
sults suggest that 6- and 7-month-old perceive a balls
motion relative to a background from a moving cast
shadow. These results show that 6-month-old infants
perceive global spatial relationships between objects.
Further, 3-year-old children, according to previous stud-
ies, were sensitive to static cast shadows as depth cues
(Yonas et al., 1978). The present experiments expand
their results to include much younger infants sensitive
to moving cast shadows. Our results suggest that motion
information facilitates the perception of objects spatial
arrangements from cast shadows.
These ﬁndings showed that older infants in Experi-
ment 1 discriminated ‘‘up’’ and ‘‘depth’’ event duringthe test trials. However, it was not clear that older in-
fants might prefer the ‘‘up’’ event because of intrinsic
preferences to the ‘‘ﬂowing-up’’ events. We can explore
this possibility using either a standard forced preferen-
tial looking procedure or habituation–dishabituation
procedure in which the ‘‘up’’ event is for habituation
and ‘‘depth’’ for test.
The failure of 4- and 5-month-old infants to discrim-
inate between the events on the basis of moving cast
shadows can be interpreted in two ways. First, these in-
fants might be insensitive to the linear perspective back-
grounds in the animation used in the present
experiments. Yonas et al. (1986) revealed that the ability
to perceive depth from a linear perspective cue emerges
at 6 and 7 months. Four- and 5-month-old infants in the
present experiments might perceive balls and black ellip-
ses as moving on a ﬂat surface because they were not
sensitive to the linear perspective. Second, size-constan-
cy might be superior to the depth cues of cast shadow in
4- and 5-month-old infants. In general, retinal image of
an object should change in proportion to distance. How-
ever, the size of the ball used in the ‘‘depth’’ event of our
experiment did not change despite the balls motion in
depth. That is, these stimuli violate the rule of size-con-
stancy. On the contrary, for adults, depth perception
from moving cast shadow is so dominant to size-con-
stancy cues that the ball is perceived as receding in depth
(Kersten et al., 1997). The ability to perceive size-con-
stancy emerges at 4 to 5 months of age (Granrud,
1986). Thus, for the 4- and 5-month-old infants in our
studies, size-constancy might provide dominant cues;
the infants might perceive the events as two-dimensional
motion.
Consequently, our ﬁndings suggest that 6-month-old
infants have the necessary ability to infer the location of
the ball from the physical relationship between it and a
cast shadow. Kersten et al. (1997) suggested that for
adults, the robustness of depth perception from cast
shadow in the ball in the box is a consequence of
assumptions. They suggested that an adults visual sys-
tem infers an objects position from cast shadows based
on two assumptions: a stationary light source and a
general viewpoint. These assumptions might not assist
4- and 5-month-old but do assist 6- and 7-month-old in-
fants in determining the spatial layout of objects. Addi-
tional research on how shadow information is processed
in 6- and 7-month-old infants is needed to conﬁrm this.Acknowledgments
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